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(57) ABSTRACT

The invention pertains to the use of Group 8 transition metal
carbene complexes as catalysts for olefin cross-metathesis
reactions. In particular, ruthenium and osmium alkylidene
complexes substituted with an N-heterocyclic carbene ligand
are used to catalyze cross-metathesis reactions to provide a
variety of substituted and functionalized olefins, including
phosphonate-substituted olefins, directly halogenated ole-
fins, 1,1,2-trisubstituted olefins, and quaternary allylic ole-
fins. The invention further provides a method for creating
functional diversity using the aforementioned complexes to
catalyze cross-metathesis reactions of a first olefinic reactant,
which may or may not be substituted with a functional group,
with each of a plurality of different olefinic reactants, which
may or may not be substituted with functional groups, to give
aplurality of structurally distinct olefinic products. The meth-
odology of the invention is also useful in facilitating the
stereoselective synthesis of 1,2-disubstituted olefins in the cis
configuration.
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1
CROSS-METATHESIS REACTION OF
FUNCTIONALIZED AND SUBSTITUTED
OLEFINS USING GROUP 8 TRANSITION
METAL CARBENE COMPLEXES AS
METATHESIS CATALYSTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of application Ser. No.
10/114,418 filed Apr. 1, 2002, which claims priority under 35
U.S.C. §119(e)(1) to the following provisional U.S. patent
applications: Ser. No. 60/280,590, filed Mar. 30, 2001; Ser.
No. 60/280,462, filed Mar. 30, 2001; Ser. No. 60/284,213,
filed Apr. 16, 2001; Ser. No. 60/285,597, filed Apr. 20, 2001;
and Ser. No. 60/340,588, filed Dec. 14, 2001. The disclosures
of the aforementioned applications are incorporated by ref-
erence in their entireties.
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Health and Grant No. 9809856 awarded by the National Sci-
ence Foundation. The government has certain rights in the
invention.

TECHNICAL FIELD

This invention relates generally to a method for carrying
out an olefin metathesis reaction using a Group 8 transition
metal complex as a catalyst, and more particularly relates to a
method for carrying out cross-metathesis reactions using the
aforementioned catalyst wherein at least one of the olefinic
reactants is a functionalized olefin, a geminal disubstituted
olefin, a trisubstituted olefin, and/or a quaternary allylic ole-
fin. Methods are also provided for the catalysis of stereose-
lective olefin metathesis reactions, and for the creation of
chemical diversity by carrying out a plurality of olefin met-
athesis reactions using a single olefinic substrate and different
metathesis partners, to generate a plurality of structurally
distinct products.

BACKGROUND OF THE INVENTION

To the synthetic organic or polymer chemist, simple meth-
ods for forming carbon-carbon bonds are extremely impor-
tant and valuable tools. One method of C—C bond formation
that has proved particularly useful is transition-metal cata-
lyzed olefin metathesis. “Olefin metathesis,” as is understood
in the art, refers to the metal-catalyzed redistribution of car-
bon-carbon bonds. See Trnka and Grubbs (2001) Acc. Chem.
Res. 34:18-29. Over two decades of intensive research effort
has culminated in the discovery of well-defined ruthenium
and osmium carbenes that are highly active olefin metathesis
catalysts and stable in the presence of a variety of functional
groups.

These ruthenium and osmium carbene complexes have
been described in U.S. Pat. Nos. 5,312,940, 5,342,909, 5,831,
108, 5,969,170, 6,111,121, and 6,211,391 to Grubbs et al.,
assigned to the California Institute of Technology. The ruthe-
nium and osmium carbene complexes disclosed in these pat-
ents all possess metal centers that are formally in the +2
oxidation state, have an electron count of 16, and are penta-
coordinated. These catalysts are of the general formula (I)
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where M is a Group 8 transition metal such as ruthenium or
osmium, X and X' are anionic ligands, [. and L' are neutral
electron donors, and R and R' are specific substituents, e.g.,
one may be H and the other may be a substituted or unsub-
stituted hydrocarbyl group such as phenyl or C—C(CH,),.
Such complexes have been disclosed as useful in catalyzing a
variety of olefin metathesis reactions, including ring opening
metathesis polymerization (“ROMP”), ring closing metathe-
sis (“RCM”), acyclic diene metathesis polymerization (“AD-
MET”), ring-opening metathesis (“ROM”), and cross-met-
athesis (“CM” or “XMET”) reactions.

For the most part, such metathesis catalysts have been
prepared with phosphine ligands, e.g., triphenylphosphine or
dimethylphenylphospine, exemplified by the well-defined,
metathesis-active ruthenium alkylidene complexes (II) and
m

an

P(Cy3)
Cl'/l,, | /H
,Ru=—
a”” |
P(Cy3)
am
Il’(CY3)
Cly, 0
. -~
Ru=—=C o
Cl/l R
P(Cy3)

wherein “Cy” is a cycloalkyl group such as cyclohexyl or
cyclopentyl. See U.S. Pat. No. 5,917,071 to Grubbs et al. and
Trnka and Grubbs, cited supra. These compounds are highly
reactive catalysts useful for catalyzing a variety of olefin
metathesis reactions, and are tolerant of many different func-
tional groups. However, as has been recognized by those in
the field, the compounds display low thermal stability,
decomposing at relatively low temperatures. Jafarpour and
Nolan (2000) Organometallics 19(11):2055-2057.

Recently, however, significant interest has focused on the
use of N-heterocyclic carbene ligands as superior alternatives
to phosphines. See, e.g., Trnka and Grubbs, supra; Bourissou
et al. (2000) Chem. Rev. 100:39-91; Scholl et al. (1999) Tet-
rahedron Lett. 40:2247-2250; Scholl et al. (1999) Organic
Lett. 1(6):953-956; and Huang etal. (1999) J. Am. Chem. Soc.
121:2674-2678. N-heterocyclic carbene ligands offer many
advantages, including readily tunable steric bulk, vastly
increased electron donor character, and compatibility with a
variety of metal species. In addition, replacement of one of
the phosphine ligands in these complexes significantly
improves thermal stability. The vast majority of research on
these carbene ligands has focused on their generation and
isolation, a feat finally accomplished by Arduengo and
coworkers within the last ten years (see, e.g., Arduengo et al.
(1999) Acc. Chem. Res. 32:913-921). Representative of these
second generation catalysts are the four ruthenium complexes
(IVA), (IVB), (VA) and (VB):
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(IVA)
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Ru
Cl/ | N
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In the above structures, Cy is as defined previously, “IMes”
represents 1,3-dimesityl-imidazol-2-ylidene

N

and “IMesH,” represents 1,3-dimesityl-4,5-dihydroimida-
zol-2-ylidene

IMesHj: N B N .
NS

Other complexes formed from N-heterocyclic carbene
ligands are also known.

These transition metal carbene complexes, particularly
those containing a ligand having the 4,5-dihydroimidazol-2-
ylidene structure, such as in IMesH,, have been found to
address a number of previously unsolved problems in olefin
metathesis reactions, particularly cross-metathesis reactions.
These problems span a variety of reactions and starting mate-
rials. The following discussion focuses on representative
problems in the art that have now been addressed by way of
the present invention.

Use of Olefinic Phosphonates and Other Functionalized
Olefins as Cross-Metathesis Reactants: Olefins that contain
phosphonate functionality are used extensively in synthetic
organic chemistry. For example, allylic phosphonates are
employed in the preparation of dienes and polyenes by Hor-
ner-Emmons olefination, providing products with improved
stereoselectivity as compared to the corresponding phospho-
nium salts; see Crombie et al. (1969) J. Chem. Soc., Chem.
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Commun. at 1024; and Whang et al. (1992) J. Org. Chem.
56 :7177. The reaction of organic halides with trialkyl phos-
phites (Michaelis-Arbuzov reaction) is used primarily for the
synthesis of allylphosphonates; see Bhattacharyaetal. (1981)
Chem. Rev. 81:415. However, elimination and/or loss of ole-
fin stereochemical integrity are often competitive with prod-
uct formation. Palladium catalyzed cross-coupling of hydro-
gen phosphonates to conjugated dienes and allenes has also
been developed, but requires high reaction temperatures and
provide low regioselectivity in highly substituted phospho-
nates products. See Hirao et al. (1980) Tetrahedron Lett.
21:3595; Hirao et al. (1982) Bull. Chem. Soc. Jpn. 55: 909;
Imamoto et al. (1990) J. Am. Chem. Soc. 112 :5244; Zhao et
al. (2000) Organometallics 19:4196.

Vinylphosphonates are important synthetic intermediates
and have been investigated as biologically active compounds.
Vinylphosphonates have been used as intermediates in ste-
reoselective synthesis of trisubstituted olefins and in hetero-
cycle synthesis; see Shen et al. (2000) Synthesis, p. 99; Tago
et al. (2000) Org. Lett. 2:1975; Kouno et al. (1998) J. Org.
Chem. 63:6239; and Kouno et al. (2000) J. Org. Chem.
65:4326. The synthesis of vinylphosphonates has also been
widely examined and a variety of non-catalytic approaches
have been described in the literature. Recent metal-catalyzed
methods include palladium catalyzed cross-coupling (see,
e.g., Holt et al. (1989), Tetrahedron Lett. 30:5393; Han et al.
(1996),J. Am. Chem. Soc. 118:1571; Kazankovaetal. (1999),
Tetrahedron Lett. 40:569; Okauchi et al. (1999), Tetrahedron
Lett. 40:5337; Zhong et al. (2000), Synth. Commun. 30:273;
and Han et al. (2000), J. Am. Chem. Soc. 122:5407) and Heck
coupling of aryldiazonium salts with vinyl phosphonates
(Brunner et al. (2000) Synlett. atp. 201), but are limited by the
requirement of highly reactive functional groups in the sub-
strates. Therefore, a more mild, general and stereoselective
method for the synthesis of vinyl and allylphosphonates using
commercially available starting materials would be quite
valuable, and would provide an additional degree of orthogo-
nality to the previously reported syntheses. An ideal such
method would also be applicable in other contexts as well, for
example in the synthesis of olefins substituted with functional
groups other than phosphonates. The invention, in one
embodiment, is directed to this pressing need in the art, and
provides a method that not only accomplishes the aforemen-
tioned goals, but is also useful in a more generalized process
for creating functional group diversity in a population of
olefinic products prepared using cross-metathesis.

Cross-Metathesis of a.-Halogenated Olefins and Synthesis
of Directly Halogenated Olefins: Since the discovery of the
olefin metathesis reaction in the 1950s, the metathesis of
halogen-containing olefins has received very little attention.
The metathesis of allyl bromide, allyl chloride, and related
substrates with the heterogeneous Re,0-/Al,0,/Me, Sn cata-
lyst system are among the few examples. Kawai et al. (1998)
J. Mol. Catal. A 133:51; Bogolepova et al. (1992) Petrol.
Chem. 32:461; Mol et al. (1979) J. Chem. Soc. Chem. Com-
mun.,at pp. 330-331 Nakamura et al. (1977) Chem. Lett., atp.
1127; Fridman et al. (1997) Doklady Akad. Nauk S.S.S.R.
234:1354. Most recently, the cross-metathesis of 3,3,4,4,5.5,
6,6,6-nonafluoro-1-hexene with terminal olefin and the
dimerization of vinyl gem-difluorocyclopropane derivatives
have been achieved using catalyst (VB). Chatterjee et al.
(2000) J. Am. Chem. Soc. 122:3783; International Patent Pub-
lication No. WO 02/00590 to Grubbs et al.; Itoh et al. (2000)
Org. Lett. 2:1431. In these cases, the substrates are challeng-
ing because of the electron-withdrawing nature of the pen-
dent halogens. A particularly challenging situation arises
when the olefin is directly halogenated, because the metathe-
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sis reaction will then involve a monohalo [M]=CXR or dihalo
[M]=CX, carbene complex as the propagating species (where
X=halide), rather than the more usual alkylidene [M]=CR,
(where R—H, alkyl, aryl). To the best of applicants’ knowl-
edge, there has been only one report of metathesis involving
directly halogenated olefins, namely the cross-metathesis of
1-chloro- and 1-bromoethylene with propylene using Re,O-/
Al,O;/Me,Sn (Fridman et al. (1977) Doklady Akad. Nauk
S.S.S.R. 234:1354).

Accordingly, there are very few methods available for the
mild and selective synthesis of directly halogenated olefins,
and in particular, directly fluorinated olefins. The present
invention now provides a straightforward method for carrying
out an olefin metathesis reaction using an a-halogenated ole-
fin, which may be an a-fluorinated olefin, in order to provide
a directly halogenated (e.g., fluorinated) olefinic product.

Catalyzed Cross-Metathesis of Highly Substituted Olefins,
Including Geminal Disubstituted Olefins and Quaternary
Allylic Olefins: In prior applications of olefin metathesis,
particularly olefin cross-metathesis, there has been no
method available for generation of highly substituted olefins,
such as trisubstituted olefins (wherein the substituents may be
the same or different) and olefins that contain quaternary
carbons at the allylic position. Trisubstituted and quaternary
allylic olefinic substituents are, of course, present in a diverse
array of organic molecules, including pharmaceuticals, natu-
ral products, and functionalized polymers, and the difficulty
in generating such compounds has been a substantial limita-
tion. The methodology of the present invention overcomes
this limitation and now provides an efficient and versatile way
to synthesize 1,1,2-trisubstituted olefins as well as 1,2-disub-
stituted olefins containing one quaternary allylic carbon
atom.

Stereoselective Synthesis of 1,2-Disubstituted Olefins Via
Cross-Metathesis: Another limitation in known olefin met-
athesis reactions is that there is no general method for con-
trolling the stereoselectivity of the newly formed olefins. In
many cases, the more thermodynamically stable trans olefin
geometry was selectively formed, with minimal, if any, of the
cis olefin produced. See Blackwell et al. (2000), “New
approaches to olefin cross-metathesis,” J. Am. Chem. Soc.
122(1):58-71; and Chatterjee et al. (2000), “Synthesis of
functionalized olefins by cross and ring-closing metathesis,”
J. Am. Chem. Soc. 122(15):3783-3784. The present invention
also addresses this need in the art by providing a stereoselec-
tive method for synthesizing a 1,2-disubstituted olefin in pri-
marily the cis configuration.

SUMMARY OF THE INVENTION

The present invention is addressed to the aforementioned
needs in the art, and provides a novel process for using certain
Group 8 transition metal complexes to catalyze a variety of
olefin metathesis reactions, primarily cross-metathesis reac-
tions. The complexes used are metal carbenes comprised of a
Group 8 transition metal, particularly ruthenium or osmium,
which preferably, although not necessarily, contain an N-het-
erocyclic carbene ligand. Such complexes are highly active
catalysts of olefin metathesis reactions, including the cross-
metathesis reactions described in detail herein. In contrast to
previous catalysts used in olefin cross-metathesis, the present
complexes allow an olefinic reactant to be substituted with a
functional group without compromising the efficiency or
selectivity of a metathesis reaction involving that olefin. The
present invention also allows the second reactant, i.e., the
olefin metathesis partner, to be substituted with a functional
group. The functional group may or may not be a ligand for
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6

the metal complex; the present method is not limited in this
regard. The olefinic reactant may also be di-substituted at one
of the olefinic carbon atoms, as is the case with 2-methyl-2-
butene, for example, or may be a quaternary allylic olefin, i.e.,
an olefin directly substituted at one or both of the olefinic
carbon atoms with the moiety —CH,—CR; where R is other
than hydrogen.

These cross-metathesis reactions are carried out with a
catalyst having the structure of formula (VI)

VD
Ll
X!
h:A=(:
L

Rl
~
5

X R

in which:
M is a Group 8 transition metal, particularly Ru or Os;

X! and X* may be the same or different, and are anionic
ligands or polymers;

R! is selected from the group consisting of hydrogen,
hydrocarbyl, substituted hydrocarbyl, heteroatom-containing
hydrocarbyl, substituted heteroatom-containing hydrocarbyl,
and carboxyl;

R? is selected from the group consisting of hydrogen,
hydrocarbyl, substituted hydrocarbyl, heteroatom-containing
hydrocarbyl, and substituted heteroatom-containing hydro-
carbyl;

L is a neutral electron donor ligand; and

L' is a neutral electron donor ligand having the structure of
formula (VII)

(VID)
[ (QuR |, | (@),
Y—@2),—F*

R—@Q")—X
\“/

In structure (VII):

X andY are heteroatoms selected from N, O, S, and P;

p is zero when X is O or S, and is 1 when X is N or P;

qis zero whenY is O or S, and is 1 whenY is N or P;

Q', Q%, @Q°, and Q* are linkers, e.g., hydrocarbylene (in-
cluding substituted hydrocarbylene, heteroatom-containing
hydrocarbylene, and substituted heteroatom-containing
hydrocarbylene, such as substituted and/or heteroatom-con-
taining alkylene) or —(CO)—;

W, X, y and z are independently zero or 1; and

R?, R*4, R*, and R* are independently selected from the
group consisting of hydrogen, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, and substi-
tuted heteroatom-containing hydrocarbyl,

wherein any two or more of X', X? L, R, R? R? R*4 R*,
and R* can be taken together to form a chelating multiden-
tate ligand.
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Accordingly, the complex of formula (V) may also be
represented as (VIA)

(VIA)
[ Qu=r¥], [iah—re],
RiP—(@Q),—X Y —(@Q%),—R*
Y N
Xl\ . /
27 \
X i »

In a preferred embodiment, L is an N-heterocyclic carbene

having the structure of formula (VIIA)
(VIIA)
Q \
R’ —N N—R*
~~"

wherein R® and R* are defined above, with preferably at least
one of R® and R*, and more preferably both R* and R*, being
alicyclic or aromatic of one to about five rings, and optionally
containing one or more heteroatoms and/or substituents. Q is
a linker, typically a hydrocarbylene linker, including substi-
tuted hydrocarbylene, heteroatom-containing hydrocarby-
lene, and substituted heteroatom-containing hydrocarbylene
linkers, wherein two or more substituents on adjacent atoms
within Q may also be linked to form an additional cyclic
structure, which may be similarly substituted to provide a
fused polycyclic structure of two to about five cyclic groups.
Qs often, although again not necessarily, a two-atom linkage
or a three-atom linkage. Accordingly, the metal carbene com-
plex of formula (VIA) may also be represented as follows:

(VIB)

In one embodiment, then, a method is provided for synthe-
sizing olefins substituted with a functional group by cross-
metathesis using a Group 8 transition metal catalyst having
the structure of formula (VI). At least one of the two olefinic
reactants is substituted with one or more functional groups,
which may or may not be in protected form (e.g., a hydroxyl
group may be protected as an acyloxy or benzyloxy group).
More specifically, at least one of the two olefinic reactants has
the structure of formula (VIII)

; ] (VIID)
R R
(Z) R
/

Fn
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wherein:

Fn is a functional group such as phosphonato, phosphoryl,
phosphanyl, phosphino, sulfonato, C,-C,, alkylsulfanyl,
C,;-C,, arylsulfanyl, C,-C,, alkylsulfonyl, C,-C,, arylsulfo-
nyl, C,-C,, alkylsulfinyl, C5-C,, arylsulfinyl, sulfonamido,
amino, amido, imino, nitro, nitroso, hydroxyl, C, -C,, alkoxy,
C5-C,, aryloxy, C,-C,, alkoxycarbonyl, C5-C,, aryloxycar-
bonyl, carboxyl, carboxylato, mercapto, formyl, C,-C,,
thioester, cyano, cyanato, carbamoyl, epoxy, styrenyl, silyl,
silyloxy, silanyl, siloxazanyl, boronato, or boryl, or a metal-
containing or metalloid-containing group (wherein the metal
may be, for example, Sn or Ge);

n is zero or 1;

Z is a hydrocarbylene or a substituted and/or heteroatom-
containing hydrocarbylene linking group such as an alkylene,
substituted alkylene, heteroalkylene, substituted heteroalk-
ene, arylene, substituted arylene, heteroarylene, or substi-
tuted heteroarylene linkage; and

R>, R® and R” are independently selected from the group
consisting of hydrogen, —(Z),,-Fn, hydrocarbyl, substituted
hydrocarbyl, heteroatom-containing hydrocarbyl, and substi-
tuted heteroatom-containing hydrocarbyl, and, if substituted
hydrocarby! or substituted heteroatom-containing hydrocar-
byl, wherein one or more of the substituents may be —(Z),-
Fn.

In one preferred embodiment, Fn is a phosphonate and 7. is
CH,, such that the reactant is an allylphosphonate (when n is
1) and a vinylphosphonate (when n is zero). The product of
the cross-metathesis reaction is also an olefin substituted with
a—(7),-Fn group.

In another embodiment, a method is provided for synthe-
sizing directly halogenated olefins by cross-metathesis using
acatalyst having the structure of formula (VI). In this embodi-
ment, at least one of the olefinic reactants has the structure of
formula (IX)

Ix)

RS RIO
R® X3

wherein X> is halo, and R, R®, and R'° are independently
selected from the group consisting of hydrogen, halo, hydro-
carbyl, substituted hydrocarbyl, heteroatom-containing
hydrocarbyl, substituted heteroatom-containing hydrocarbyl,
and —(Z),,-Fn where n, Z and Fn are as defined above.

In a further embodiment, a method is provided for synthe-
sizing substituted olefins, particularly trisubstituted and qua-
ternary allylic olefins, wherein the method comprises using
the complex of formula (VI) to catalyze a cross-metathesis
reaction between a geminal disubstituted olefin or a quater-
nary allylic olefin, and a second olefin. If it is a geminal
disubstituted olefin, the first olefin has the structure (X)

X
Rl RI3 ( )
RI12 R4

wherein R*?, R'?, R*?, and R'* are selected from the group
consisting of hydrogen, hydrocarbyl, substituted hydrocar-
byl, heteroatom-containing hydrocarbyl, substituted heteroa-
tom-containing hydrocarbyl, and —(Z),,-Fn where n, Z and
Fn are as defined above, with the proviso that R'* and R'?, or
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R'? and R', are other than hydrogen. If it is a quaternary
allylic olefin, the first olefin has the structure (XI)

XD

Rl7

RIS RIG

wherein R'* and R'? are as defined previously, and R'*, R*¢,
and R'” are any nonhydrogen substituents, e.g., alkyl, aryl,
heteroalkyl, heteroaryl, —(Z),-Fn (where n, Z, and Fn are as
defined above with respect to formula (VIII)), or the like.

In the above-described embodiments, the second olefin has
a molecular structure given by R*®*R**C—=CR?*°R?! wherein
R'®, R'®, R*°, and R*' may be hydrogen, hydrocarbyl, sub-
stituted hydrocarbyl, heteroatom-containing hydrocarbyl,
substituted heteroatom-containing hydrocarbyl, —(Z),,-Fn,
etc. As such, it will be appreciated that the second olefin may
have a molecular structure encompassed by any one of the
above generic formulae (VIII), (IX), (X), and (XI), or may be
a simple structure such as ethylene per se.

The invention is additionally useful in providing a method
for controlling the stereoselectivity of an olefin cross-met-
athesis reaction, and in providing a cross-metathesis product
in which the thermodynamically less favored cis configura-
tion predominates. The reaction is carried out using selected
olefinic reactants, with one olefinic reactant substituted in a
1,2-cis configuration. The catalyst used has the structure of
formula (VI), with R? and R* representing bulky ligands, e.g.,
bicyclic or polycyclic ligands that may or may not be aro-
matic.

In a still further embodiment of the invention, complexes of
formula (V1) are used to catalyze a plurality of cross-metathe-
sis reactions from a common olefinic reactant to generate
chemical diversity, i.e., to provide a plurality of products
having related structures but retaining a distinguishing fea-
ture, such that each synthesized compound is different from
each other synthesized compound. Each olefinic reactant can
be substituted with functional groups, yielding cross-met-
athesis products containing those groups, and thus providing
the option of further derivatization. While prior olefin cross-
metathesis reactions have been used to synthesize alkenes
bearing a range of functional groups, these prior reactions
have been limited to olefins that do not contain any functional
groups that could behave as ligands for the catalyst employed.
By contrast, the present method can be used with olefinic
starting materials in which functional groups are present that
could act as ligands for the metal complex selected as a
metathesis catalyst.

DETAILED DESCRIPTION OF THE INVENTION

1. Definitions and Nomenclature:

It is to be understood that unless otherwise indicated this
invention is not limited to specific reactants, reaction condi-
tions, ligands, metal complexes, or the like, as such may vary.
It is also to be understood that the terminology used herein is
for the purpose of describing particular embodiments only
and is not intended to be limiting.

As used in the specification and the appended claims, the
singular forms “a,” “an” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a compound” encompasses a combi-
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nation or mixture of different compounds as well as a single
compound, reference to “a functional group” includes a
single functional group as well as two or more functional
groups that may or may not be the same, and the like.

In this specification and in the claims that follow, reference
will be made to a number of terms, which shall be defined to
have the following meanings:

Asused herein, the phrase “having the formula” or “having
the structure” is not intended to be limiting and is used in the
same way that the term “comprising” is commonly used.

The term “alky]” as used herein refers to a linear, branched
or cyclic saturated hydrocarbon group typically although not
necessarily containing 1 to about 20 carbon atoms, such as
methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, t-butyl,
octyl, decyl, and the like, as well as cycloalkyl groups such as
cyclopentyl, cyclohexyl and the like. Generally, although
again not necessarily, alkyl groups herein contain 1 to about
12 carbon atoms. The term “lower alkyl” intends an alkyl
group of 1 to 6 carbon atoms, and the specific term
“cycloalkyl” intends a cyclic alkyl group, typically having 4
to 8, preferably 5 to 7, carbon atoms. The term “substituted
alkyl” refers to alkyl substituted with one or more substituent
groups, and the terms “heteroatom-containing alkyl” and
“heteroalkyl” refer to alkyl in which at least one carbon atom
is replaced with a heteroatom. If not otherwise indicated, the
terms “alkyl” and “lower alkyl” includ